Detrimental effects of glyphosate on plant mineral nutrition have been reported in the literature, particularly on Mn uptake and redistribution. However, in most of the experiments conducted so far glyphosate-susceptible plants were used. Effects of glyphosate on Mn absorption kinetics, accumulation, and distribution within the plant, as well as soybean response to Mn as affected by glyphosate were studied in three experiments. In the first experiment, in nutrient solution, the effect of glyphosate on soybean Mn uptake kinetic parameters (Imax, Km and Cmin) was determined. In a second experiment, also in nutrient solution, differential Mn accumulation and distribution were studied for a conventional soybean cultivar and its near-isogenic glyphosate-resistant counterpart as affected by glyphosate. In a third experiment, response of glyphosate-resistant soybean cultivars to Mn application was studied in the presence of glyphosate, in pots with Mn-deficient soil. Maximum Mn influx (Imax) was higher in the herbicide-resistant (GR) cultivar than in its conventional counterpart. Glyphosate applied to nutrient solution at low rates decreased Km and Cmin. A few days after herbicide treatment, RR soybean plants developed yellowish leaves, a symptom which, in the field, could be misinterpreted as Mn deficiency, but herbicide application had no effect on Mn uptake or distribution within the plant. In the soil experiment, soybean Mn uptake was increased by Mn application, with no effect of glyphosate. Under greenhouse conditions, there was no evidence of deleterious effects of glyphosate on Mn absorption, accumulation and distribution in the plant and on soybean cultivars response to Mn application.
INTRODUCTION
Glyphosate has been shown to interfere with soybean mineral nutrition, affecting the uptake and/ or redistribution of Mn and other nutrients (Ozturk et al., 2009; Zobiole et al., 2010) . In Brazil, both Mn toxicity and deficiency have been reported as a problem, depending on the region (Rosolem et al., 2004) .
Manganese is an important co-factor for several enzymes associated with the shikimic acid pathway, including phenolic aromatic amino acids, coumarins, lignins and flavonoids. A light Mn deficiency decreases photosynthesis and soluble carbohydrate levels in the plant, while a severe deficiency causes irreversible breakdown of chloroplast structure (Marschner, 1995) . When subjected to Mn deficiency, soybean plants develop interveinal chlorosis in young leaves. Deficiency in soybean has been associated with leaf Mn levels reach between 10 and 20 mg kg -1 Mn (Malavolta et al., 2000) . Since the nutrient mobility in the phloem is very limited when Mn availability is high, the highest amount of the nutrient is usually found in the roots (Rosolem, 1989) .
The herbicide glyphosate is absorbed and translocated in the phloem to plant roots and rhizomes. It inhibits the activity of the enzyme enolpyruvyl shikimate-3-phosphate synthase (EPSP), preventing the synthesis of aromatic amino acids which are precursors of substances such as alkaloids, flavonoids and lignin (Amarante Jr. et al., 2002) . In the case of glyphosate-resistant soybean, resistance was achieved by the insertion of a gene from the Agrobacterium sp. genome, which encodes a variant of EPSPS (CP4 EPSPS), especially resistant to inhibition by glyphosate. Glyphosate decreases leaf and hypocotyl chlorophyll contents (Hoagland, 1980) , even in glyphosate-resistant (GR) cultivars (Reddy et al., 2004) , a symptom that could also be attributed to Mn deficiency (Malavolta, 1997) . Chlorophyll is highly sensitive to glyphosate because the synthesis of its precursor, the δ-aminolevulinic acid is strongly inhibited (Cole, 1985) , which leads to a characteristic chlorotic growth of plants exposed to sub-lethal doses of the herbicide (Wong, 2002) .
Glyphosate can be exuded by the target plant roots, released in small amounts in the rhizosphere and be absorbed, at least in part, by non-target plants (Kremer et al., 2005) . A glyphosate-resistant soybean plant may exude 1,500 ng of glyphosate in the rhizosphere in 16 days (Kremer et al., 2005) . Herbicide activity in non-target plants was found to be around 1.0 % in roots and 0.08 % in shoots, compared with the target plant (Ricordi et al., 2007) . This amount transferred through the rhizosphere should not be enough to cause damage to non-target plants. However, low rates of the herbicide (around 2 % of the normally recommended dose) applied to leaves of non-transgenic soybean plants decreased the absorption and translocation of Mn (Römheld et al., 2005) .
Although glyphosate is effective in controlling weeds, there are reports of various physiological side effects. Among these side effects a decrease in Mn absorption and translocation in soybean has been reported (Römheld et al., 2005 , Orzturk et al., 2008 . Since most of these effects were observed in glyphosatesusceptible plants, it is unclear whether this effect also occurs in glyphosate-resistant (GR) plants. Zobiole et al. (2010) concluded that fertilizer recommendations for GR crops should consider the reduced nutrient efficiency imposed by the presence of the GR gene as well as the further impact of glyphosate on nutrient use. The problem is that the nutrient use efficiency was not determined in that experiment. Nutrient leaf concentrations, including Mn, were decreased in GR soybean both by the gene and glyphosate application, but the effect was not generalized across soybean maturity groups and soils (Zobiole et al., 2010) . However, in this particular experiment, Mn levels in the leaves were very high and, therefore, the decrease in dry matter yields can not be attributed to nutrient deficiencies.
A decrease in nutrient uptake and/or use by plants may result from a deficiency in the nutrient media, from a deleterious effect on the nutrient absorption kinetics or from an impairment of nutrient redistribution within the plant. In this study we analyzed Mn uptake kinetics in two near-isogenic soybean cultivars as affected by low glyphosate rates in the nutrient solution. Furthermore, Mn uptake and translocation in GR soybean cultivars and response to Mn after glyphosate application were also studied.
MATERIAL AND METHODS
Three experiments were carried out to study: (a) the kinetics of Mn absorption as affected by glyphosate applied to the nutrient solution; (b) the comparative Mn uptake and distribution of near-isogenic soybean cultivars, and (c) the response to Mn in glyphosatetreated soybean grown on a Mn-deficient soil.
For the first experiment, two near-isogenic soybean cultivars, Conquista and Valiosa, were grown in nutrient solution to study absorption kinetics. Valiosa RR (GR) was derived from the cross of cv. Conquista with a genotype carrying the glyphosate-resistance gene. After five retro-crosses, it was estimated that cv. Valiosa RR possesses about 98.4 % of Conquista genes. Seeds were germinated in paper towels moistened with 0.01 mol L -1 CaSO 4 . After one week they were selected for uniformity and transferred to two-liter pots with 10 % strength Hoagland solution. In the second week the solution was changed to ½ strength and in the third week to full strength. Two plants were grown per pot. Solution pH was monitored and maintained at around 5.5 using HCl or NaOH. The temperature in the greenhouse was kept at 30 o C ± 5. Three weeks after plant emergence (V4) the parameters defining Mn absorption kinetics were determined using the solution depletion technique (Claassen et al., 1974) . The plant root system was washed with distilled water and left 24 h in a Mn-free solution. Then, the plants were transferred to a Mn solution with 14.5 μM L -1 and left to equilibrate for 2 h (Epstein & Hagen, 1952) . After this, the solution was changed again, with the same nutrient concentrations, and Glyphosate was applied to the nutrient solution (to mimic a rhizosphere transfer) at rates of 0, 8, 16, 32, 64 and 128 μg L -1 ) a.e. (acid equivalent). Solution samples of 5 mL were taken to analyze Mn 30, 45, 60, 75, 120, 210, 390, 750 , and 1,470 min after herbicide application. At the end of this depletion period, plants were collected and divided into shoots and roots, dried in a forced-air oven at 65 o C for 72 h and weighed. The experiment had a 2 x 6 factorial design in randomized blocks with four replications. After ANOVA, the means were compared using LSD (p < 0.05)
In the second experiment, Mn uptake and distribution were studied. The same soybean cultivars were used and also grown in nutrient solution. Plants were obtained as described above. The transgenic cultivar Valiosa (treated or not with glyphosate) and the conventional cultivar Conquista were grown in the presence of 1.0, 2.0, 4.0, 6.0, 10.0, and 20.0 μmol L -1 Mn in the nutrient solution. Glyphosate (360 g L -1 active ingredient) was sprayed at a rate of 540 g ha -1 (a.e.) in the respective treatments 25 days (V4) after plant emergence. Plants were placed in rows 0.45 m apart (as they would be in the field) outside the greenhouse for herbicide application, to mimic field conditions. Plants were sprayed at 8:00 h AM using a backpack sprayer with SF 110.02 nozzles at a constant pressure of 2 kgf cm -2 and 200 L ha -1 . The pots were closed tightly to avoid solution contamination.
The experiment was harvested 40 days after plant emergence (V 8). The plants were divided into roots, stems and leaves, washed in distilled water and dried in a forced-air oven at 65 o C for 72 h. In order to determine Mn uptake and distribution within the plant, the material was ground, wet-acid digested and Mn was determined in each plant part by atomic absorption spectroscopy as described by Malavolta et al. (1997) .
The experiment was arranged in a 6 x 3 factorial design in complete randomized blocks with four replications. The results were subjected to ANOVA and means were compared using LSD (p < 0.05). For Mn accumulation and Mn leaf concentrations regressions were fit.
The third experiment was conducted in 6-L soil pots, in a greenhouse, using three transgenic (GR) soybean cultivars (M-SOY 7908 RR, Valiosa RR and Coodetec 226 RR) that were treated or not with glyphosate. The soil was a dystrophic Hapludox (sandy loam) with low Mn content (0.7 mg dm -³, extracted with EDTA), thus a response could be expected. Dolomitic limestone was applied to raise soil base-saturation to 60 %. Phosphorus and K were applied at rates of 150 and 100 mg kg -1 , respectively, and Zn at 5 mg kg -1 . The seeds were inoculated with R. Bras. Ci. Solo, 34:1915 Solo, 34: -1922 Solo, 34: , 2010 Bradyrhizobium, treated with Mo and fungicide. Treatments consisted of Mn rates of 0, 3.0, 6.0, 12 mg kg -1 and two plants were grown per pot. At the growth stage V3, glyphosate was sprayed on the plants of the respective treatments at 720 g ha -1 (a.e.), arranging the plants and spray conditions as in the previous experiment. The soil surface was protected with a plastic sheet to avoid herbicide contamination. Fifteen days after herbicide application (V7), plants were harvested and divided into root and shoot, washed in distilled water, dried in a forced-air oven at 65 o C for 72 h. The most recently matured leaf (third from the top) was sampled for foliar diagnosis. Biomass and the Mn content in the plant tissue were determined as described in the previous experiment. The experimental design was a 3 x 2 x 4 factorial in complete randomized blocks with four replications. The results were subjected to ANOVA and means compared using LSD (p < 0.05). Regressions were fit to soybean dry matter and Mn accumulation.
RESULTS

First experiment: absorption kinetics
The maximum Mn influx (Imax) was higher in Valiosa RR than in Conquista (Figure 1 ). The lowest glyphosate rate (8 mg L -1 ) increased Imax of both cultivars when compared with plants without herbicide, which was decreased with further increases in glyphosate rates in the nutrient solution. The affinity of the uptake system for Mn ions was increased in the presence of glyphosate in the nutrient solution, because there was a decrease of Km with glyphosate rates (Figure 1 ). For Cmin (the minimum Mn concentration in the nutrient solution at which net uptake occurs), a significant decrease was observed at the highest glyphosate rate (results not shown).
Second experiment: Mn uptake and distribution
Soybean dry matter production was similar between cultivars and there was no response either to Mn or glyphosate applied (results not shown). Within 10 to 15 days after plant emergence, some plants of both cultivars showed Mn deficiency symptoms in treatments with the lowest Mn level in nutrient solution. However, new growth was normal. Furthermore, plants sprayed with glyphosate showed, a few days after application, symptoms similar to those of Mn deficiency, which also disappeared almost completely by the time the plants were harvested. This phytotoxicity of glyphosate was also observed under field conditions in the Center-West of Brazil (Broch & Ranno, 2008) , with no effect on soybean Mn nutrition or yields. It has been reported that glyphosate may interfere with soybean response to Mn (Gordon, 2007) . However, in this experiment the onset of Mn deficiency symptoms was not related to the herbicide application, which did not interfere with the Mn nutrition of soybean.
Soybean dry matter yields were not affected by Mn rates (results not shown), but Mn concentrations in soybean leaves responded to the nutrient levels in solution, resulting in higher accumulation (Figure 2) . Total Mn accumulation by Conquista increased linearly with Mn rates in the nutrient solution (Figure 2) , however, for Valiosa RR, the near-isogenic cultivar, the accumulation was quadratic. For the GR cultivar, glyphosate had no effect on plant development and dry matter production, regardless of the state of Mn nutrition. Leaf Mn concentrations were lower in Valiosa when grown in the most Mndeficient solution, irrespective of the presence of the GR gene. This lower Mn concentration did however not result in lower dry matter production because even at this lowest Mn solution level, leaf Mn concentrations in all treatments were over 20 mg kg -1 , which is considered the threshold for soybean development and production (Malavolta et al., 1997) .
Manganese relative partitioning in soybean roots and shoots was not affected by herbicide application (Figure 3) . However, as Mn rates increased in the nutrient solution soybean roots accumulated more Mn than shoots. 
Third experiment: soil
In the soil experiment, Mn leaf concentrations at V7 (most recently matured leaf) were increased with the applied Mn rates (Figure 4 ), but there was no effect of glyphosate application. Monsoy 7908 accumulated more Mn, but differences among cultivars were small. In spite of the originally low soil Mn content, liming and wet incubation must have favored organic matter mineralization, increasing Mn availability. Therefore, soybean dry matter yield did not respond to Mn application. Glyphosate application had no effect on soybean growth, Mn accumulation ( Figure 5 ) and distribution within the plants (Figure 4) as reported earlier in a field experiment (Gordon, 2007) .
DISCUSSION
Glyphosate did not decrease Mn concentrations in the present experiment. Since glyphosate can complex metallic cations, it could be a reason for the decreased Mn levels, as observed in soybean tissues in glyphosate-applied GR soybean (Zobiole et al., 2010) . However, if Mn was complexed by glyphosate in soybean, this would be expected to occur in the actively growing plant parts, where glyphosate accumulates (Schulz et al., 1990) , and certainly it would not be significant on a whole tissue basis or for the Mn concentration in the third leaf sampled at V7 in this experiment. Furthermore, Bott et al. (2008) found no indications for internal immobilization of micronutrients by excessive complexation with glyphosate. The decrease in Imax observed in this experiment could be a result of Mn sequestration at the root surface level, because herbicide rates applied to the nutrient solution were higher than what would be expected in the field (Kremer et al., 2005) . However, in spite of the decrease in Mn maximum influx with higher glyphosate doses, the effects on Km and Cmin suggest a higher affinity of the Mn uptake system in the presence of the herbicide, which would favor Mn absorption in soils with low Mn availability. A significant decrease in macro and micronutrients in soybean leaf tissue from different cultivar maturity groups grown on different soil types was reported (Zobiole et al., 2010) . Very low glyphosate rates reduced Mn root uptake in non-GR sunflower (Ozturk et al., 2008) , but our results suggest that the amount of glyphosate that could be exuded in the rizosphere of non-GR soybean in field situations would not be enough to decrease Mn uptake. Furthermore, if soybean Mn leaf concentrations may be decreased by glyphosate, this effect is not a result of an impairment of soybean Mn uptake kinetics.
When low rates of glyphosate were applied to leaves of non-transgenic soybean plants the absorption and translocation of Mn were decreased (Römheld et al., 2005) and it has been reported that glyphosate reduces the uptake, translocation, or availability of nutrients even in GR soybean (Bott et al., 2008; Zobiole, 2010) , compared with the near-isogenic counterpart. In our experiment, a decrease in soybean Mn accumulation was only observed at the lowest Mn solution level (Figure 2) , independently of the cultivar or glyphosate application.
For glyphosate non-resistant genotypes, a decrease in Mn uptake and translocation to the shoots has been reported (Römheld et al., 2005) . Comparing Conquista and Valiosa, Bott et al. (2008) observed an inexplicable increase in Mn concentrations in young shoots of Valiosa without glyphosate, but after herbicide application this effect disappeared and Mn concentrations in Conquista without herbicide and Valiosa with glyphosate were similar. Interestingly, the increase in Mn concentration was only observed at the highest Mn concentration of that study in the nutrient solution (0.5 μmol L -1 ), which is lower than our lowest concentration (1.0 μmol L -1 ), where an incipient Mn deficiency was observed. Expression of glyphosate toxicity in GR soybean cultivars has been attributed to differences in plant physiological status, genotype, and environmental factors with impact on glyphosate turn-over (Reddy et al., 2004) . Temperature plays an important role in Mn turnover in soybean (Rosolem, 1989) . At low temperatures soybean requires less Mn, which can explain why observed no Mn deficiency in plants grown at temperatures between 24 and 26 o C, much lower than usual in tropical environments. Furthermore, Bott et al. (2008) admitted that their findings suggest that the observed effects were a consequence rather than the cause of impaired plant growth induced by glyphosate application. However, from the present experiment it is clear that there was no interference of glyphosate with total Mn accumulation or relative distribution in the genetically modified genotypes. Mn accumulation in soybean roots may be a plant defense preventing Mn toxicity. At high availability, soybean accumulates Mn in cell root vacuoles to avoid translocation to shoots and the development of toxicity symptoms (Rosolem, 1989) .
It has been suggested that conventional cultivars (non-GR) may have lower critical nutrient levels for physiological sufficiency than GR soybean, and fertilizer recommendations for GR crops should consider the reduced nutrient efficiency induced by the presence of the GR gene as well as the further impact of glyphosate on nutrient efficiency (Zobiole et al., 2010) . In the present experiment the effect of glyphosate on Mn concentration in soybean leaves at V7 was not significant, and there was no differential response to the Mn applied either to the nutrient solution or to the soil. Manganese deficiency in soybean leaves was reported in Brazil when high lime rates were applied, resulting in soil pH over 6.0 and leaf Mn below 13 g kg -1 (Tanaka et al., 1992) , but in the present experiment leaf Mn always exceeded the threshold level, according to Malavolta et al. (1997) . In field experiments in Brazil, GR soybean cultivars showed glyphosate toxicity and received extra Mn sprayed to leaves, with no significant response (Broch & Ranno, 2008; Stefanello et al., 2009) . Therefore, there is no indication that soybean Mn requirements are different in GR and non-GR soybean cultivars and that fertilization programs should be modified for GR cultivars. R. Bras. Ci. Solo, 34:1915 Solo, 34: -1922 Solo, 34: , 2010 Soybean Mn absorption, accumulation and resistance to Mn are under genetic controll and there is considerable variance among cultivars. The genes that control these traits are likely to be additive with little or no dominance (Rosolem, 1989) . This is one of the reasons explaining the diverse effects obtained when studying soybean Mn nutrition. Other factors, such as the activity of microorganisms responsible for Mn dynamics in the soil (Kremer & Means, 2009) could influence the availability of nutrients to plants and could have been affected by glyphosate (Kremer et al., 2005) , eventually interfering with Mn availability and uptake by soybean, although this was not observed in the present experiment. After glyphosate application some leaf yellowing was also observed for a few days, although the symptom did not persist in new growth. A uniform yellowing started on the leaf edges progressing towards the main vein. Although this symptom is different from Mn deficiency symptoms, it may be misinterpreted in the field, at some point of the symptom development.
The extent of injury in glyphosate-treated GR soybean has been correlated with levels of aminomethylphosphonic acid (AMPA) formed within the plant (Reddy et al., 2004; Zablotowicz & Reddy, 2007) . This metabolite can lead to reduced photosynthetic rate, stomatal conductance and transpiration rate (Zobiole et al., 2010) and eventually affect mineral uptake. It was hypothesized that the enzymatic conversion of glyphosate to AMPA in GR soybean would require a certain level of external Mn supply (Bott et al., 2008) , which was insufficient in the 0.1, but enough in the 0.5 μg L -1 Mn solution concentration in the cited experiment. However, this does not seem to be the case, as shown in our experiment with much higher Mn solution levels. Thus, if there is any effect of glyphosate on soybean Mn nutrition it must be indirect, secondary and strongly dependent on the soybean cultivar, development stage, physiological conditions, and growth environment.
CONCLUSIONS
The results experiments conducted unde controlled conditions, does not support the reported deleterious effect of glyphosate application on Mn absorption, accumulation and distribution in plants of glyphosateresistant soybean genotypes. Thus, it can be inferred that the introduction of the GR gene does not lead to significant changes in soybean response to Mn. However, plants sprayed with glyphosate show a temporary phytotoxicity characterized as leaf yellowing. This symptom may, under field conditions, be misinterpreted as Mn deficiency.
